Introduction
Erythropoiesis is a complex multistep process of red blood cell generation that continues throughout the lifespan of vertebrates. Like hematopoiesis, the development of red blood cells is a hierarchical process: it proceeds from hematopoietic stem cells (HSCs) through several multipotent progenitor stages to committed erythroid progenitors, burst-forming unit erythroid (BFU-E) cells and colony-forming-unit erythroid (CFU-E) cells. The latter differentiates into proerythroblasts (proEBs) and subsequently to basophilic (basoEBs), polychromatophilic (polyEBs), and orthochromatophilic erythroblasts (orthoEBs) and finally into mature erythrocytes through the reticulocyte stage (1) (2) (3).
Homeostatic erythropoiesis requires tight regulation to consistently and efficiently replace senescent circulating erythrocytes. At each stage of development, erythropoiesis is controlled by a variety of intracellular and extracellular regulatory molecules. Surface expression of many adhesion molecules on erythrocyte progenitors has been described (4) (5) (6) (7) (8) (9) (10).
The role of integrins in erythropoiesis has recently been reviewed by Chasis and Mohandas (11) . A number of integrins, including α 4 , α 5 , β 1 , CD44, Lu, and ICAM-4, are responsible for various adhesive homotypic and heterotypic interactions within the erythropoietic niche, namely erythroblastic island, providing survival, proliferation and differentiation signals at early stages (8) (12) , and supporting enucleation during terminal erythroid maturation (13) .
Moreover, homotypic and heterotypic adhesive interactions between developing erythrocyte precursors and a central macrophage, mediated by α 4 β 1 and ICAM-4, are required for the formation and integrity of erythroblastic islands and thus for erythroid development (7) (7, 14) (9). Adhesion molecules modulate erythrocyte development alone or together with growth factors in a temporal manner (8) (12) . In addition, growth factors have been implicated in modulating adhesion between hematopoietic progenitors and extracellular matrix via changes in integrin receptor expression and activation (15) (16) (17) . Interestingly, a crosstalk between different integrin pairs (α 4 β 1 and α 5 β 1 ) and cytokines (Kit ligand) has been shown to have opposing effects on growth and survival of erythroid progenitors (8) . Akt-, Bcl-2-and Bcl-x Ldependent survival, focal adhesion kinase (FAK) and extracellular-regulated kinase (ERK)-mediated proliferation have been described as signaling events after integrin engagement in erythroid cells (8) (12) (18) . However, in vitro and in vivo data have not been consistent. For instance, engagement of α 4 β 1 has been shown to support proliferation and to provide antiapoptotic protection on maturing erythroblasts (12) , whereas different conclusions were made by others (8) . Blocking of α 4 β 1 by antibodies impairs erythrocyte development in vitro and in vivo (19) (20) , which is in agreement with studies employing α 4 knockout mutants (21) , although the conditional knockout of α 4 impacts mainly on stress response (22) (23) . In contrast, complete deletion of β 1 does not affect erythrocyte development (24) , but β 1 is indispensable for survival during recovery from anemic stress (23) . Furthermore, there is still very little known about the molecules that regulate integrin function in erythroid precursors.
SWAP-70 was initially isolated from activated B cell nuclear protein complexes (25) . It contains an F-actin-binding domain and a pleckstrin homology (PH) domain, binds PIP3, associates with RAC1, and regulates cytoskeletal F-actin rearrangements (26) . SWAP-70 is involved in integrin-mediated interactions in B cells and mast cells and its deficiency impairs in vitro and in vivo migration of these cells (27) (28) (29) . A conceivable function of SWAP-70 as a protein that integrates surface receptors such as integrins with signaling pathways and the Factin cytoskeleton lead us to suggest a potential role for SWAP-70 in hematopoietic cell development, particularly in erythropoiesis. Here we report SWAP-70 expression in HSCs and myeloid-erythroid precursors, postulate a novel function for this protein in steady-state and stress-induced erythrocyte differentiation, and lastly propose SWAP-70 as an integrin function regulator in the development of erythroid progenitor cells.
Design and Methods

Mice
Wild-type and Swap-70 -/-mice of two different genetic background of M. musculus, 129SvEMS
and C57BL/6N, were previously described (30, 31) . Each experiment was performed using wild-type and Swap-70 -/-mice of the same strain, and in most cases both genetic backgrounds were used. Animals were bred and maintained under pathogen-free conditions in the Animal Facility of the Medical Theoretical Center (MTZ) at the Medical Faculty of Dresden University of Technology (TU Dresden) according to approved animal welfare guidelines.
FACS analysis
Staining of surface markers was performed as described elsewhere (32) (27) (33) . Briefly, freshly isolated bone marrow (BM) cells or splenocytes were immunostained on ice in PBS, 2 mM EDTA in the presence of either mouse immunoglobulin G (34) whole molecule (1 µg/ml, Jackson Immunoresearch) or 2 % v/v FCS to block non-specific binding through Fc receptors.
Cells were incubated with different combinations of fluorescently labeled, purified or biotinconjugated antibodies (Abs) for 25 min, followed by 20 min of incubation with second-step reagents (secondary fluorescently labeled Abs or conjugated streptavidin) when necessary. Cells were fixed and permeabilized using a Cytofix/Cytoperm buffer (BD Bioscience) or methanol (Merk) depending on the epitopes analyzed. Then samples were incubated with primary and subsequently with secondary Abs at optimal concentrations that were experimentally standardized. Flow cytometry was carried out on a BD LSRII flow cytometer with the FACSDiva software (BD Bioscences). Data were analyzed using the FlowJo 6.1.1 software (Tristar).
Immunofluorescence
Immunostaining was performed on single cells placed on poly-L-lysine (Sigma) coated slides.
Samples were fixed in PBS containing 3.7 % paraformaldehyde (PFA) for 15 min at room temperature, blocked in PBS containing 5 % v/v FCS or 2 % v/v goat serum for 20 min, and incubated with the corresponding Abs for 30 min to stain cell surface markers. When intracellular staining was performed, samples were permeabilized in a buffer containing saponin (BD Bioscience) and then immunostained for intracellular proteins. DNA was stained with DAPI (1 µg/ml, Sigma). Samples were mounted with Fluoromount G (Southern Biotech).
Immunofluorescence signals were visualized using a Leica TCS SP5 or a Zeiss LSM 510 confocal microscope. To detect live erythroblastic islands, the immunostaining of surface markers was performed as described (9) without prior PFA fixation and 1h incubation with antibodies (Ter119 biotin, F4/80 PE) and second-step reagents (Streptavidin FITC).
Colony-forming assay
Numbers of burst-formin unit erythrocytes (BFU-Es) and colony-forming unit erythrocytes (CFU-Es) in the spleen and BM were quantified using standard hematopoietic colony assays (35) . Briefly, nucleated BM cells (1x10 5 ) and splenocytes (5x10 5 ) were placed in triplicates on methylcellulose-containing medium (Methocult) supplemented with erythropoietin (Epo; 1 U/ml) only or Epo (1 U/ml), stem cell factor (SCF; 50 ng/mL) (R&D Systems) and interleukin- 
CFU-E adhesion assay
The assay was performed as described elsewhere (36) . Briefly, 24-well plates were coated with fibronectin (FN; 10 µg/ml diluted in PBS) for 2 hours at room temperature and then blocked with 2 % FN-free BSA for 15 min. Bone marrow cells (5x10 4 ) were added to each well and allowed to adhere for 2 hours at 37 0 C. Non-attached cells were collected. Wells were washed 3 times with warm IMDM. Washes were pooled together with non-attached cells. CFU-E colonyforming assay was performed on adherent cells where methylcellulose was added directly to each well and on the non-adherent fraction. Cell adhesion was calculated dividing the number of colonies formed by adherent cells over the total number of colonies recovered from each well. Background adhesion was determined on wells coated with 2 % of FN-free BSA.
Erythroblastic island reconstitution assay
The assay was performed as described previoulsly (9) . In brief, freshly isolated BM cells 
Blood analysis
Blood (50-75 µl) was obtained from the retro-orbital sinus with microcapillaries into EDTAcoated hematocrite tubes (KABE Labortechnik). Samples were prepared as 1:10 dilutions in PBS containing 1 % bovine serum albumin (BSA) (Sigma). Hematologic parameters (hematocrit, hemoglobin concentration, red blood cell number, etc.) were determined using automated hematological analyzers ADVIA 120 (Bayer Diagnostic, Rockefeller University, NY, USA) or XE-2100 (Sysmex, Medical Clinik I, Hematology/Oncology, TU Dresden).
Induction of anemia
Hemolytic anemia was induced by phenylhydrazine (PHZ) injection. Mice received sterile solution of PHZ (Sigma) in PBS intraperitoneally to achieve a desired dose (40 mg/kg or 80 mg/kg) at indicated time points. Control mice were injected with PBS only. Blood was analyzed at days 0, 3, 6 and 10 to determine blood counts (hematocrit, hemoglobin concentration etc.).
Adoptive cell transfer
The adoptive cell transfer experiment was performed as previously described (35) 
Statistic analysis
Data were analyzed using unpaired two-tailed t-test. *P<0.05, **P<0.01, ***P<0.005.
Results
Erythroid progenitors express SWAP-70
SWAP-70 is expressed in cells of the hematopoietic system (37), including B lymphocytes (25) , mast cells (38) and dendritic cells (39) were present even at higher frequency, suggesting that maturation is compensated for and proceeds and that the Ery.C pool of progenitors either accumulates or is generated in higher relative numbers despite the fact that Ery.B development is impaired.
The relative amount of splenic erythroblast subpopulations was less consistent with either accumulation or reduction in Ery.A cell numbers depending on the age of the mice. However, similarly to the BM, the progression from Ery.A to Ery.B was also strongly impaired. Further differentiation into Ery.C seemed to occur efficiently in Swap-70 -/-mice ( Figure 3F and Online
Supplementary Figure 2E).
We tested whether increased apoptosis of late erythroblasts and/or abnormal proliferation of 
SWAP-70 controls the activation state of α 4 integrins
Integrin-dependent homotypic hyper-aggregation and hyper-adhesion of Swap-70 -/-B lymphocytes and mast cells has been previously shown (27) (28) . To gain insights into the mechanisms by which SWAP-70 affects erythropoiesis, its function in integrin regulation of hematopoietic cell adhesion was analyzed. We speculated that SWAP-70 might control integrin activity during erythropoiesis and therefore decided to focus on the α 4 β 1 integrin, known to be important in erythroblast development (19) (20) 
Erythroblastic island architecture is affected by a lack of SWAP-70
The above results suggest that SWAP-70 regulates α 4 integrin function in early erythroid precursors. Later in erythroid development, α 4 -dependent interactions are necessary for erythroblasts to associate via VCAM-1 with a central macrophage, which supports erythroblastic island formation and integrity, thereby creating a specialized niche for erythroid development (7). We therefore investigated whether SWAP-70-mediated α 4 integrin regulation is involved in erythroblastic island formation and/or maintenance. The next question we sought to answer is whether a SWAP-70 deficiency affects the erythroblastic niche, potentially altering normal erythroblast development. To investigate the structure of erythroblastic islands, we performed an in vitro reconstitution assay as described previously (9) . Figure 4F shows examples of reconstituted erythroblastic islands. We did not detect a significant difference in the number of erythroblastic islands formed from either wt or
Swap-70 -/-BM cells under non-activating or activating (Mn ++ ) conditions (data not shown).
However, a detailed analysis of Swap-70 -/-erythroblastic islands revealed higher numbers of irregular structures and aggregates, such as macrophages surrounded by fewer erythroblasts or homotypic (erythroblast-erythroblast) ( Figure 4F ). Therefore the architecture of erythroblastic islands rather than their formation seems to be affected by a lack of SWAP-70. 
Recovery from acute anemia is delayed in Swap-70 -/-mice
To assess the overall biological impact of SWAP-70 on steady-state erythropoiesis, we analyzed the peripheral blood of SWAP-70-deficient mice (Table 1) To assess whether the pretreatment of Swap-70 -/-mice with α 4 -or β 1 -blocking antibodies would support an efficient anemia recovery response comparable to that of wt, we injected mice with a single dose of blocking antibodies (30 µg) 24 hours prior to anemia induction (PHZ injections at days 0, 1 and 3) and monitored recovery during 10 days (see scheme in Figure 6C ). In these experiments, the kinetics of the response was different from that observed in previous experiments due less efficient anemia induction (Hct drop to 30 %) at day 3 (data not shown).
At day 6, all mice already had normal Hct and reticulocyte counts, similar to day 10 of previous experiments (i.e. at the end of the recovery period). Nevertheless, a significant difference in reticulocyte numbers of mice from different groups was observed ( Figure 6C ). 
70
-/-mice, the decreased number of splenic Ter119 + erythroblasts is unlikely to be due to increased apoptosis, as it was observed to be lower in Swap-70 -/-erythroblasts, but rather to correlate with moderately reduced proliferation as assayed by BrdU incorporation.
Interestingly, annexin V staining revealed even lower numbers of positive erythroblasts in the
Swap-70 -/-spleen. As it has been described, Fas-mediated apoptosis provides a negative autoregulatory mechanism to maintain the correct number of erythroblasts in steady state (52, 53 RhoGTPases, which are required for efficient enucleation (reviewed in (54)), similar to its function in mast cells (27) . However according to our data the expression of SWAP-70
terminates earlier and is very low at the Ery.B stage (see Figure 1B) . Therefore the prominent mice and no effect on wt mice.
We further analyzed the structure of erythroblastic islands in Swap-70 -/-mice assuming that SWAP-70 might be important for their formation and integrity, which also require integrinmediated interactions. Similar numbers of erythroblastic islands were assembled from wt and µm. Images were taken using a Zeiss LSM 510 confocal microscope. 
Supplementary materials and methods
In vivo cell proliferation assay
In vivo cell proliferation was measured using a bromodeoxyuridine (BrdU) flow kit (BD Bioscience). Mice were injected intraperitoneally with a single dose of BrdU solution provided with the kit. After predetermined times, mice were sacrificed and FACS analysis of staining was carried out as stated in the kit's protocol. 
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